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ignocellulose is the most abundant, renewable polymer present in nature. It has long been touted as a sustainable, environmentally friendly energy source; however, its recalcitrance has limited its use in an economically feasible manner. Alkaline pretreatment with sodium hydroxide is a viable, low-cost option for modifying the structure of lignocellulose prior to hydrolysis and fermentation of the carbohydrate fractions. It can be performed using a wide range of operating conditions (Hendriks and Zeeman, 2009; Modenbach and Nokes, 2012; Mosier et al., 2005) . For instance, reaction times can be as short as a few minutes or on the order of hours or days, with temperature ranging from ambient to 150°C (Galbe and Zacchi, 2007; Jørgensen et al., 2007) . Using sodium hydroxide for pretreatment is also advantageous over other pretreatments, such as dilute acid and ammonia fiber expansion (AFEX). The alkaline reagents are less caustic than dilute acid, and alkaline pretreatment can be performed at ambient pressure, unlike AFEX, eliminating the need for specialized equipment that is corrosion-resistant or that can withstand high pressures (Mosier et al., 2005) . It is also possible to recover and recycle alkaline reagents, potentially reducing costs associated with pretreatment (Mosier et al., 2005) .
Alkaline pretreatment can play an important role in the conversion of lignocellulose. With a narrow profit margin for commodity chemicals such as ethanol, it is imperative to develop a lignocellulose conversion process that can be integrated into a biorefinery concept. A biorefinery, modeled after the traditional petroleum refinery, should be capable of economically producing a variety of valuable and useful products, including liquid transportation fuels, commodity chemicals, and precursory chemical building blocks. Pretreatments using dilute acid and liquid hot water tend to remove the hemicellulose fraction, eliminating a potentially valuable energy stream. Xylose, the predominant carbohydrate found in hemicellulose of herbaceous biomass, can either be fermented by organisms capable of utilizing pentoses or converted into other chemical building blocks, such as xylitol and glycerol (Werpy and Peterson, 2004) . Residual solids (such as lignin) produced from alkaline pretreatment can even be used to generate a number of other products. For example, lignin and/or its components can be used as a solid fuel source that can be burned to produce heat and electricity for the biorefinery or distributed to the grid for residential or commercial use (Jørgensen et al., 2007; Ragauskas et al., 2006) ; as a component of phenolic powder resins, polyurethane foams, epoxy resins, or biodispersants (Kadam et al., 2008; Lora and Glasser, 2002) ; or as valuable food and industrial products such as vanillin, ferulic acid, or vinyl guaiacol (Buranov and Mazza, 2008) .
15,000 of these monomers (O'Sullivan, 1997; Sticklen, 2007) . The polymer chains bundle together into microfibrils. In its native form, cellulose is relatively recalcitrant, stabilized by the inter-and intra-strand hydrogen bonding and the resulting van der Waals forces (Chang, 2007; Zhang and Lynd, 2004) . However, through use of pretreatment methods and cellulolytic enzymes, cellulose can be depolymerized into fermentable sugars.
Hemicellulose, another carbohydrate polymer that makes up about 20% to 30% of lignocellulose (Girio et al., 2010) , is more randomly assembled and structurally more complex than cellulose ( fig. 1b) since it can be composed of several different types of sugars compared to only glucose for cellulose. Hemicellulose is primarily comprised of xylan or glucomannan chains, intermixed with other components such as hexose (glucose, mannose, and galactose) and pentose (xylose and arabinose) sugars and uronic acids (glucuronic and galacturonic acids) (Hendriks and Zeeman, 2009 ). The variety and amount of each component is dependent on the lignocellulose source. For example, glucoronoxylans form a major portion of the hemicellulose in hardwoods, while galactoglucomannans account for a large portion of the hemicellulose in softwoods (Girio et al., 2010) . Unlike cellulose, hemicellulose is a branched polymer (Moxley and Zhang, 2007; Sticklen, 2007) . The hemicellulose often associated with agricultural residues (corn stover and wheat straw) contains branch points formed by arabinose and glucose chains substituted along the β-1,4-linked xylose backbone. Cellulose is embedded within the hemicellulose matrix, which acts as a connection between the cellulose and lignin fractions and helps provide rigidity to the lignocellulose structure (Hendriks and Zeeman, 2009) .
Lignin is a complex, phenolic polymer ( fig. 2 ) that acts as a protective barrier encasing cellulose and hemicellulose. It also provides structural support for and transport of water within the plant (Buranov and Mazza, 2008; Grabber, 2005; Petridis et al., 2011) . However, lignin becomes a major obstacle in the degradation of cellulose and hemicellulose, with its irregular linkages and non-repetitive order of components. The complexity of this polymer is due to three monolignol components, including p-coumaryl, coniferyl, and sinapyl alcohols and many of their derivatives, polymerizing into an irregular network via a number of different linkages (β-O-4, α-O-4, β-5, β-1, 5-5, 4-O-5, and β-β linkages). Once integrated into the lignin polymer, these monolignols are referred to as p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) moieties, respectively (Buranov and Mazza, 2008; Grabber, 2005; Zhao et al., 2012) . As with hemicellulose components, the ratio of H:G:S constituents of the lignin structure can vary depending on the source of the lignocellulose (Adler, 1977) . For example, corn stover typically contains about 7% to 23% lignin (Cheng, 2010; Lee et al., 2007) that is comprised of H:G:S constituents in a ratio of 4:35:61 (table 1) (Grabber, 2005) . However, softwoods are comprised of nearly 30% lignin and have a much different H:G:S ratio of 5:93.5:1.5 (Adler, 1977) . Rice straw has a more balanced proportion of these units in terms of guaiacyl and syringyl moieties, with an H:G:S ratio of 15:45:40. Additionally, syringyl content has been linked to a plant's resistance to fungal infection (Buranov and Mazza, 2008) . It is important to note that the combination of these constituents is not only critical to the structure of the plant, but also has implications for tailoring conversion process steps to achieve optimum product yield.
Lignin is attached to hemicellulose through a structure called the lignin-carbohydrate complex (LCC) (Buranov and Mazza, 2008; Grabber, 2005) . In herbaceous biomass, the LCC is composed of a phenolic lignin unit linked to an arabinoxylan by ferulic acid ( fig. 3 ), which reportedly varies from the type of LCCs present in woody biomass. Additionally, the location of the ferulic acid has shown slight differences depending on the lignocellulose source. For example, in wheat bran, the ferulic acid forms an ester linkage with the second carbon of an arabinose branch point off a xylan back bone, whereas the ester linkage occurs on the third carbon in bagasse and on the fifth carbon for grasses. It is believed that the ferulic acid acts as an anchoring point for the lignin into cell walls in the early stages of lignification and has a significant impact on a pretreatment's ability to hydrolyze the carbohydrate fractions (Wu et al., 2011) . Grabber (2005) compared biomass with 4.5 and 15.9 g kg -1 ferulate cross-linkages and found that biomass with only 4.5 g kg -1 ferulate crosslinkages produced 46% and 20% more sugar after 6 and 72 h hydrolysis, respectively, indicating that the reduction in ferulate cross-linking significantly impacted both the initial rate and the extent of hydrolysis of the modified biomass.
MECHANISM OF SODIUM HYDROXIDE PRETREATMENT
The ferulic acid linkage between the lignin and hemicellulose fractions is the point of reaction during NaOH pretreatment (Buranov and Mazza, 2008) . The ester bond between the ferulic acid and the carbohydrate is highly susceptible to alkali degradation, as the hydroxide ion (dissociated from NaOH) increases the rate at which the hydrolysis reaction occurs as compared to water (Bruice, 2004) . The mechanism of alkaline pretreatment ( fig. 4) is such that the hydroxide ion attacks the carbon of the ester bond (step 1), whether between the lignin and carbohydrate or even between two lignin components or two carbohydrate components. A tetrahedral intermediate forms (step 2) but quickly collapses when a negatively charged oxygen atom expels an alkoxide (-OCH 3 ) from the carboxylic acid (step 3). In a very fast reaction, the resulting alkoxide acts as a base, deprotonating the carboxylic acid (step 4). The result is the irreversible hydrolysis of the ester bond, weakening the structural integrity of the lignocellulose. 1. R1 = R2 = H 2. R1 = OCH3; R2 = H 3. R1 = R2 = OCH3
STRUCTURAL CHANGES ASSOCIATED WITH SODIUM HYDROXIDE PRETREATMENT Pretreatment with sodium hydroxide results in several structural modifications of lignocellulose that are beneficial for enzymatic hydrolysis. Bonds linking the protective lignin barrier with hemicellulose are broken. Depending on the pretreatment conditions, lignin is partially or totally solubilized, and degradation of the hemicellulose fraction may occur. Sodium hydroxide pretreatment also swells the lignocellulose particles, leading to an increase in surface area and greater accessibility to the cellulose fraction. Additionally, a decrease in the degree of polymerization and crystallinity of the cellulose is likely, increasing the enzymatic digestibility of the polysaccharide.
Solids loading of the system can also have significant impacts on the effectiveness of the pretreatment. At low solids loadings (<10% w/w dry matter), where most conventional pretreatments have been developed, pretreatment processes have been shown to facilitate conversion of biomass into fermentable sugars (Modenbach and Nokes, 2012) . However, these systems with higher water contents also require higher costs for handling and removing excess water and neutralizing the material prior to subsequent conversion steps. There is also the concern of treating a large effluent of wastewater, especially in instances where recycling and/or recovery of the pretreatment chemical are not possible. Some research has been conducted using NaOH pretreatment with higher solids loadings (Cheng et al., 2010; Cui et al., 2012) as a way to reduce the water requirements necessary during pretreatment. At high solids loadings (>15% w/w dry matter), many challenges that are not apparent with low solids loadings emerge. For instance, there may be little to no free water in the reactor, which could significantly impact the effectiveness of the pretreatment (Kristensen et al., 2009) , since water aids in chemical reactions, reduces the viscosity of the slurry by increasing the lubricity of the particles, provides a medium for mass transfer by diffusion of the NaOH to the lignocellulose material, and improves the handling capability of the bulk material (Modenbach and Nokes, 2012 ). While it is not possible to give a definitive recommendation for the optimal moisture content during NaOH pretreatment without further study, it is possible to say that many factors must be considered when choosing pretreatment conditions 
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Alkali-labile ester bond in order to obtain an optimal sugar recovery and yield in subsequent processing steps.
STRUCTURAL CHANGES OF LIGNIN
Lignin is the main component of lignocellulose affected by NaOH pretreatment, and the pulp and paper industry has long taken advantage of alkaline delignification in the kraft process used in papermaking (Zhao et al., 2012) . The kraft process uses NaOH at elevated temperatures (160°C to 170°C) together with sodium sulfide to remove lignin and produce cellulose fibers from woody biomass (Hamaguchi et al., 2012; Wu et al., 2011) . However, by-products of the kraft process, such as sulfur compounds and chlorinated compounds (Kadam et al., 2008) , may have negative effects on other downstream processes in the conversion process. Additional processing to remove these compounds, as well as the wastewater treatment that would be required, can complicate pretreatment processes that directly mimic the kraft process. Sodium hydroxide alone is capable of removing lignin from lignocellulose of hardwood and herbaceous biomass, greatly simplifying the process. However, as alkaline pretreatment is developed for use prior to enzymatic hydrolysis in the conversion of lignocellulose into transportation fuels and other chemicals, researchers are more closely investigating the effects of alkaline pretreatment conditions on the delignification of biomass.
The alkaline pretreatment reacts with the ester bonds linking the lignin to the hemicellulose in the LCC network. As these bonds are broken, the LCC networking is disrupted, allowing lignin components to be solubilized. Duguid et al. (2009) saw <2% reduction in lignin in corn stover when pretreated with 5.8 g NaOH per 100 g biomass at room temperature for 2 h, whereas Chen et al. (2009) observed 73.9% lignin removal in corn stover when pretreated with 16 g NaOH per 100 g biomass at 121°C for 30 min (table 2). Alkaline pretreatment can also cause xylan solubilization, especially where xylan is associated with the LCC complex (Cui et al., 2012) . For instance, Cui et al. (2012) reported up to 34% loss of xylan coupled with 22% lignin degradation during pretreatment with 5 g NaOH per 100 g biomass and 75% moisture content for 90 days. It has been hypothesized that disruption of this cross-linking enhances enzyme adsorption and enzyme effectiveness by reducing inhibition of xylooligomers and unproductive binding with lignin (Kim and Holtzapple, 2006; Kumar et al., 2009; Wu et al., 2011) . Removal of lignin by NaOH often leads to the release of acetyl groups and uronic acid substitutions, which can enhance the digestibility of cellulose and hemicellulose (Cui et al., 2012; Kumar et al., 2009; Wan et al., 2011) . However, hydrolytic enzymes can be inhibited by some of these degradation products, such as xylooligomers (Qing et al., 2010) , organic acids, phenols (Kim et al., 2011) , furfural, and hydroxymethyl furfural (HMF) (Hodge et al., 2008) , making the selection of process conditions, including alkaline loading, moisture content, temperature, and time, extremely important. Balance is the key to achieving optimal lignin removal while limiting the production of inhibitory compounds. For instance, Cui et al. (2012) found that delignification was influenced by NaOH loading, time, and moisture content during long-term wet storage of corn stover. Addition of 2 to 5 g NaOH per 100 g biomass increased lignin degradation by ~10% to 25% over a 90-day storage period; however, most of this lignin degradation occurred within the first five days of storage. A higher loss in xylan (up to 34%) was also observed with the increase in lignin degradation. Wan et al. (2011) also observed a sharp increase in xylan degradation with an increase in lignin degradation. As NaOH loading increased from 4 g to 40 g NaOH per 100 g biomass, lignin degradation increased moderately from ~7% to ~15%, but xylan removal increased from 5% to nearly 50% over the same NaOH loadings. Although no inhibition was observed during enzymatic hydrolysis, and inhibitor concentrations were not measured, the presence of inhibitory compounds from the degradation of xylan is possible. However, they were likely removed during the washing and neutralizing of the soybean straw prior to use in the hydrolysis reaction.
As mentioned previously, lignin structures vary with different sources of lignocellulose, which means that NaOH pretreatment works more effectively on some sources of biomass than others. Shimizu et al. (2012) investigated the effects of NaOH on the degradation of the β-O-4 bonds between model lignin dimers. They reacted guaiacylguaiacyl (G-G), guaiacyl-syringyl (G-S), syringyl-guaiacyl (S-G), and syringyl-syringyl (S-S) dimers with a 1 M NaOH solution at 40°C to 70°C for 3 to 7 h and found that the compounds containing a syringyl unit reacted more readily in the alkaline solution as compared to G-G dimers. The orientation of the dimer components also affected the rate of degradation, as the S-G and G-S dimers did not degrade at an equivalent rate. The order of the rates of degradation was determined as follows: S-S > G-S > S-G > G-G, where S-S degraded nearly 7.5-fold faster than G-G at 130°C. As with these model lignin compounds, real sources of lignocellulose containing a higher proportion of syringyl units are more easily delignified. Lignin from hardwoods is composed of ~7 to 40 times more syringyl units than lignin from softwoods (Adler, 1977) , making hardwoods more susceptible to alkaline pretreatment than softwoods (Shimizu et al., 2012) . Rice straw, bagasse, and some grasses, which tend to have S-G ratios more similar to hardwoods than to softwoods, have shown significant lignin removal following alkaline (NaOH) pretreatment at short reaction times and moderate temperatures (data not given) (Wu et al., 2011) . These sources of lignocellulose also contain high levels of syringyl units (10% to 65%) in the lignin fraction (Adler, 1977) .
DEGRADATION OF CELLULOSE
Alkaline degradation of cellulose is dependent on several factors, including the nature and concentration of the alkali, the nature and origin of the cellulose, and temperature (Ciolacu and Popa, 2005; Fengel et al., 1995; Knill and Kennedy, 2003) . At relatively low temperatures (<100°C) and low alkali concentrations (<4%), structural changes for cellulose are insignificant, as glycosidic β (1,4) linkages are alkali-stable under these conditions (Knill and Kennedy, 2003) . Kim and Holtzapple (2006) reported no significant structural changes or degradation to cellulose after pretreatment with 50 g Ca(OH) 2 per 100 g biomass at low [a] NaOH loading is given in g NaOH per 100 g biomass. [b] Values in bold denote composition of raw biomass prior to pretreatment; NR = not reported. [c] Glucose conversion is the ratio of the amount of glucose released during enzymatic hydrolysis to the theoretical amount of glucose available in the pretreated substrate. Glucose yield is the ratio of the mass of glucose released during enzymatic hydrolysis to the mass of the initial biomass (mg glucose per g of substrate). Theoretical glucan-to-glucose yield (in mg glucose per g biomass) can be calculated by: glucan % × 100 g biomass × 1.11 g glucose per g glucan × 1000 mg/g. Theoretical glucan-to-ethanol yield (in g ethanol per g biomass) can be calculated by: glucan % × 100 g biomass × 1.11 g glucose per g glucan × 0.511 g ethanol per g glucan. [d] Rice straw biomass pretreated under the indicated conditions was not washed prior to enzymatic hydrolysis.
temperatures (25°C to 55°C), even for extended pretreatment times up to 16 weeks. Another study (Cui et al., 2012) reported that long-term storage (90 days) of wet corn stover without the addition of NaOH resulted in ~10% loss of cellulose; however, storage with the application of 2 g NaOH per 100 g biomass caused only ~5% degradation of cellulose. The addition of NaOH likely made the environmental conditions unfavorable for microorganisms that would have grown on the cellulose, thus protecting it from microbial degradation. These conditions (low alkali concentrations and low to moderate temperatures) are favorable for lignocellulose pretreatment because lignin is affected, but most of the cellulose remains unaltered and available for hydrolysis into fermentable carbohydrates.
At higher alkali concentrations (>6%), many structural and morphological changes begin to occur in cellulose. As alkali concentrations increase, crystallite structures (regions of highly ordered polymer chains interspersed with more amorphous regions) begin to swell. The swelling starts first in amorphous regions, followed by the crystalline region. The degree of polymerization (DP) and the degree of crystallinity (CrI; crystallinity index) decrease with increasing alkali concentration (Eronen et al., 2009; Mittal et al., 2011) . Ciolacu and Popa (2005) studied the structural changes of microcrystalline cellulose, cellulose linters (secondary growth of short, thick-walled fibers produced by cotton), and spruce pulp treated with several alkali concentrations (0% to 18% NaOH). At 18% NaOH, they observed similar reductions (~19%) in both the DP and CrI for microcrystalline cellulose and cellulose linters as compared to treatment without the addition of alkali, whereas the DP and CrI of spruce pulp were reduced by 27% and 36%, respectively. These structural changes are advantageous for the conversion of lignocellulose into fermentable sugars because enzymatic hydrolysis is enhanced as amorphous regions of cellulose are more easily digested by cellulolytic enzymes.
Additionally, increased alkali concentrations can lead to partial or total transformation of cellulose I to cellulose II through a process known as mercerization (Ciolacu and Popa, 2005; Eronen et al., 2009 ). Cellulose I is natural cellulose produced by bacteria, algae, and higher-order plants in which the cellulose chains are parallel to one another ( fig. 5 ). Cellulose II is a form of regenerated cellulose in which the chains lie antiparallel to one another (O'Sullivan, 1997). This transformation begins at NaOH concentrations of about 7.5% to 10% and 10% to 12.5% for spruce pulp and cotton linters, respectively (Ciolacu and Popa, 2005) . At these concentrations, the cellulose lattice swells as intermolecular hydrogen bonds are broken and chain conformations are altered, resulting in amorphous regions. Cleavage of intramolecular hydrogen bonds further degrades the structural regularity of the crystalline regions of cellulose, subsequently reducing the DP and the crystallinity of the cellulose. Eronen et al. (2009) used Raman spectroscopy to show the structural changes that resulted from breaking these hydrogen bonds. They also reported that AFM imaging revealed that cellulose II appeared to be more granular as compared to cellulose I, indicating that transformation from cellulose I to cellulose II not only changes the chemical structure but also the physical appearance of the cellulose. The nature and origin of the cellulose play a significant role in the structural changes caused by alkaline treatment, as evidenced by the differences in reduction of DP and CrI in pure cellulose substrates (microcrystalline cellulose and cellulose linters) as compared to lignocellulose (spruce pulp) substrates discussed previously. Additionally, Ishikura et al. (2010) reported longitudinal contraction and changes in mechanical properties of wood; however, lattice transformations typical of alkali-treated cotton fibers were not observed. It was hypothesized that the lignin matrix likely prevented sufficient swelling of the cellulose fibers and crystallites that leads to lattice transformations. However, some pockets of swelling occurred and resulted in regions of amorphous cellulose where crystalline cellulose was previously, since the fibers could not return to the crys- talline structure upon removal of the NaOH. Degradation of cellulose treated with NaOH is also dependent on the initial DP of the cellulose. Mittal et al. (2011) reported that cellulose sources with greater initial DP were not solubilized as readily as cellulose sources with lower initial DP. For example, Avicel, which had a lower DP (~90) than the other cellulose sources investigated, released nearly 20% of its cellulose when treated with 1926 g NaOH per 100 g cellulose at 25°C for 2 h. Cellulose was more easily solubilized for Avicel fractions with a DP of <40. Conversely, cotton linters, which had an initial DP of 600, experienced very little cellulose solubilization during the NaOH treatment. Comparatively, the DP of corn stover is reported to be ~7,000, much higher than other sources of pure cellulose (Kumar et al., 2009) .
The temperature at which the alkaline treatment of cellulose is conducted can also cause significant changes to the structure. Low to moderate temperatures (<100°C) are preferential for alkaline pretreatment prior to the conversion of lignocellulose to fermentable sugars, since cellulose is affected very little at these temperatures, as mentioned earlier. However, at higher temperatures (>100°C), cellulose is more likely to undergo significant degradation and structural changes. Boiling cellulose in a NaOH solution can lead to a reaction known as "peeling" or "unzipping," in which the reducing ends of the cellulose chain are subjected to β-alkoxy-carbonyl elimination. The resulting products are a glucoisosaccharinic acid and another reducing end that propagates the peeling reaction (Knill and Kennedy, 2003; Machell et al., 1957) , with an average of nearly 50 glucose molecules removed before termination occurs (Whistler and Bemiller, 1958) . However, some reducing ends may remain stable if they are inaccessible to the alkali due to the nature of the cellulose, leading to the termination of further degradation. At even higher temperatures (>170°C), hydrolysis or alkaline scission can occur at random locations along the cellulose chain (Knill and Kennedy, 2003) . This hydrolysis can lead to new reducing ends that are vulnerable to degradation. Peeling, termination, and scission tend to occur in anaerobic conditions; however, under oxidized conditions, carbonyl groups are often hydrolyzed. More specifically, carbonyl groups located at any position along the cellulose chain (except those positioned as an end group) are extremely alkali-labile even under mild conditions, and nearly all cellulose molecules containing these carbonyl groups are hydrolyzed (Knill and Kennedy, 2003) , indicating that alkaline pretreatment may be more effective in an oxidative environment.
CHANGES TO HEMICELLULOSE
Hemicellulose, with its branched and somewhat irregular structure, tends to be the most sensitive of the three lignocellulose fractions to changes in pretreatment conditions (Chandra et al., 2007) . In dilute alkaline pretreatment conditions, hemicellulose remains mostly intact with the cellulose fraction (Chandra et al., 2007; Varga et al., 2002) ; however, some studies have shown that hemicellulose can be solubilized as NaOH concentrations increase. For example, both Varga et al. (2002) and Li et al. (2004) found that hemicellulose content in the solid fraction was reduced by more than 60% when pretreating lignocellulose with 10% NaOH. Solubilization of hemicellulose in these more severe pretreatment conditions can also lead to further degradation of sugars into furfural and HMF, two components known for their inhibitory effects on fermentation (Chandra et al., 2007) . Additional changes occurring during the alkaline pretreatment of lignocellulose that have been noted include saponification of the ester bonds that link hemicellulose to other lignocellulosic components, removal of acetyl and uronic acid substitutions on hemicellulose, and the formation of salts both in solution and incorporated into the lignocellulose (Carvalheiro et al., 2008) .
LIMITATIONS OF SODIUM HYDROXIDE IN PRETREATMENT
Currently, pretreatments are typically chosen in such a way as to limit inhibitor production while optimizing glucose retention for subsequent processing steps. Even though progress has been made through supplementing cellulases with xylanases during enzymatic hydrolysis and genetically modifying fermentation organisms, glucose is still the favored feedstock of existing fermentation technology. One limitation of sodium hydroxide pretreatment is that in mild operating conditions, this pretreatment requires long reaction times, usually on the order of hours or days (Balat et al., 2008) . In addition, cellulose and hemicellulose are left relatively intact, while only the lignin is modified (Chandra et al., 2007) . Not only can hemicellulose act as a barrier if left in the solid fraction with cellulose, but any portions that are solubilized during pretreatment can act as inhibitors to the cellulase enzymes used in enzymatic hydrolysis (Qing et al., 2010) . However, other pretreatments, such as dilute acid and liquid hot water, simply solubilize the hemicellulose fraction and discard it with the waste stream, essentially eliminating a large portion of potential energy. If harsher conditions are used to remove more of the hemicellulose in NaOH pretreatment, then not only does the potential carbohydrate yield decrease, but solubilized hemicellulose components can be degraded further into furan derivatives and their acids (furfural, HMF, formic acid, and levulinic acid), which are inhibitory to fermentative organisms at concentrations as low as 1 g L -1 (Cantarella et al., 2004) . Since the main mechanism of this pretreatment is delignification of biomass, it is most effective on herbaceous biomass. Woody biomass or biomass high in lignin reduces the usefulness of NaOH pretreatment (Balat et al., 2008; Galbe and Zacchi, 2007) . Additionally, lignin may not be completely solubilized but simply redistributed and condensed onto the cellulose, eliminating any positive effects from structural changes associated with lignin removal and swelling of the biomass (Hendriks and Zeeman, 2009 ). Lastly, not all of the NaOH can be recovered and recycled, as in alkaline pretreatment with lime. Some of the NaOH is consumed during the pretreatment, being incorporated into the biomass as salts (Balat et al., 2008; Carvalheiro et al., 2008; Mosier et al., 2005) .
USE OF SODIUM HYDROXIDE IN PRETREATMENT
Sodium hydroxide has received much attention lately as a potential pretreatment option because it is inexpensive, effective on a variety of feedstocks, and less energy intensive as compared to other pretreatment options (Xu et al., 2010) . While much research has been conducted on the use of sodium hydroxide as a pretreatment agent, further study is still warranted to fully understand the mechanisms associated with it and optimize the carbohydrate recovery and yields for use in fermentation. A brief review of a few selective studies highlighting the progress that has been made but also indicative of the work necessary to improve the process is included here.
An early study by Macdonald et al. (1983) investigated the effects of alkaline pretreatment at low NaOH concentrations (0 to 32 g NaOH per 100 g biomass) and elevated temperatures (100°C to 150°C) on corn stover, with residence times ranging from 1 to 60 min. The lignin and hemicellulose fractions were partially solubilized under the conditions studied, and the extent of solubilization was found to be dependent on the combination of reaction conditions (time, temperature, and NaOH concentration). Cellulose was relatively unaffected by the pretreatment, and most was recovered prior to enzymatic hydrolysis. These results are consistent with other studies that have reported solubilization of the lignin and hemicellulose fractions occurring at low alkaline concentrations and high temperatures, while cellulose remained mostly unaffected (Mirahmadi et al., 2010) . Additionally, the authors reported that nearly 85% of the solubilization that took place at 120°C and for various NaOH concentrations occurred within the first minute of the pretreatment, after which the rate slowed significantly over the next 20 to 30 min (Macdonald et al., 1983) . This study further highlights the effects that reaction conditions have on the lignocellulose, both individually and in combination. For example, the extent of solubilization appeared to be proportional with the NaOH concentration, as solubilization increased with increasing NaOH concentration up to 16 g NaOH per 100 g biomass. However, pretreatment at higher NaOH concentrations did not increase the amount of material removed from the corn stover. In fact, the higher NaOH concentration may have had detrimental effects on the components of lignocellulose, including loss of cellulose and degradation of solubilized hemicellulose and lignin into inhibitory products. Composition measurements showed that pretreatment performed with NaOH loadings of 16 g NaOH per 100 g biomass increased cellulose content from 32% to 70%, which was the maximum cellulose content observed under the conditions investigated, by removing other components such as hemicellulose and lignin from the lignocellulose. Removal of these other components essentially reduced the mass of the total material as opposed to increasing the mass of the cellulose, which resulted in the increased percent cellulose content. Cellulose content was only increased to 41% when treated in the absence of NaOH. This study also reported that a change in pretreatment temperature from 100°C to 140°C produced the largest change in solubility of the hemicellulose and lignin components, whereas the change in solubility for temperatures >140°C were insignificant. Additional findings suggest that pretreatment temperature played a significant role in the enzymatic digestibility of lignocellulose. Following enzymatic hydrolysis (performed at 40°C for 48 h with an enzyme loading of 1.5% and a substrate loading of 5% w.b.) of lignocellulose pretreated with 32 g NaOH per 100 g biomass for 15 min, sugar yields were higher when the pretreatment was performed at 150°C than at 120°C, yielding 77.5% sugars as compared to 67.1% sugars, respectively. Development and optimization of pretreatment processes rely on striking a balance between the various reaction conditions. Temperature, time, and alkaline concentration should be chosen in conjunction with the lignocellulose source to obtain the optimal sugar recovery and produce the maximum sugar yields possible. Xu et al. (2010) investigated the use of NaOH pretreatment on another herbaceous lignocellulose source. Switchgrass (SG) was pretreated at high (121°C), moderate (50°C), and low (21°C) temperatures with NaOH (5 to 20 g NaOH per 100 g biomass) for up to 96 h. Raw switchgrass was composed of 32% glucan, 18% xylan, and 21% lignin, with the remainder being ash, minor sugars, and other unquantified components. At the high temperature, the results of this study were similar to those achieved in the study previously discussed (Macdonald et al., 1983) . For switchgrass pretreated at 121°C with 10 g NaOH per 100 g biomass solution for 0.5 h, enzymatic hydrolysis produced 42.5 g total reducing sugar per 100 g SG (which included 28 g glucose per 100 g SG). Lower temperatures are of interest because they would lower heating requirements and possibly reduce energy inputs, although longer residence times may be necessary to achieve the same degree of solubilization. Maximum glucose yield was similar for samples pretreated with a NaOH loading of 20 g NaOH per 100 g biomass at either 50°C or 121°C (27.6 g or 27.9 g glucose per 100 g SG, respectively). However, the lower temperature required a much longer residence time to reach this yield: 12 h instead of 0.5 h. Additionally, the lower reaction temperature reduced the amount of hemicellulose solubilized during pretreatment, meaning that it was available during the enzymatic hydrolysis step, which increased the final total reducing sugar yield. Hydrolysis of switchgrass pretreated at 50°C resulted in 7% higher total reducing sugar yields as compared to switchgrass pretreated at 121°C (45.3 g vs. 42.5 g total reducing sugar per 100 g SG, respectively). Reducing the temperature even further, however, to 21°C did not result in a higher total reducing sugar yield. In fact, the maximum total reducing sugar yield produced at 21°C was 5% and 10% lower than the yields observed at the high and moderate temperatures, respectively, indicating that it may be more cost effective to not heat the pretreatment reaction and sacrifice the additional yield. Conversely, a 5% to 10% reduction in yield may look small at the laboratory scale; however, once the process is scaled up for a biorefinery, a 5% to 10% reduction in yield is much more significant when dealing with large amounts of material. A full techno-economic analysis of this process would be required before a decision on operating conditions could be made. This study again illustrates the im-portance of striking a balance between the pretreatment reaction conditions that remove the most non-carbohydrate components as possible while still achieving the highest sugar yields possible. The most severe pretreatment is not always the best option. For example, solid recovery decreased with increasing pretreatment severity, with as much as 54% of the switchgrass being lost during the most severe pretreatment (121°C, 20 g NaOH per 100 g biomass, 1 h). Maximum lignin reduction was also observed under these conditions; however, removal of lignin may not be the best indicator of pretreatment effectiveness, especially if less of the carbohydrate fraction is recovered following pretreatment.
The use of sodium hydroxide as a pretreatment is more prevalent with herbaceous biomass than with woody biomass. However, researchers have not been deterred from investigating combinations of potential reaction conditions, especially since soda pulping, which is in part an alkaline treatment, has long been established by the pulp and paper industry. Mirahmadi et al. (2010) pretreated birch (a hardwood) and spruce (a softwood) at various temperatures from -15°C to 100°C with 7 g NaOH per 100 g biomass for 2 h. At concentrations above 6 g NaOH per 100 g biomass, sodium hydroxide can be used at lower temperatures and atmospheric pressure and still maintain its effectiveness as a pretreatment agent. However, with woody biomass, lignin is not significantly removed and cellulose begins to degrade. Reduced lignin removal is likely due to the difference in ratios of the lignin structural components found in woody biomass. In this study, some lignin was removed from birch (~5% to 16% as compared to untreated birch), whereas very little lignin was solubilized from the spruce samples (<5% as compared to untreated spruce). Higher pretreatment temperatures led to higher loss of the hemicellulose fraction, which was also evidenced in other studies (Macdonald et al., 1983; Xu et al., 2010) . Breaking the ester bonds between the lignin and hemicellulose fractions increases the porosity, and therefore the surface area, of the lignocellulose but at the expense of partially degrading the hemicellulose and cellulose fractions. Cellulose content subsequently improved following pretreatment due to the loss of lignin and hemicellulose. Birch showed the greatest changes in structure following pretreatment compared to spruce. Cellulose content of birch increased by 37% because of the removal of lignin and hemicellulose components. Additionally, the crystallinity of the cellulose was reduced by 23% after pretreatment at 100°C. In comparison, the cellulose content of spruce was increased by only 22%, and the cellulose crystallinity was relatively unchanged, starting at 0.68 for untreated spruce and reducing to only 0.63 to 0.65 for all conditions tested. Cellulose was likely not as affected in the spruce samples due to the insignificant amount of lignin removed. The lack of a major effect on the spruce material is not surprising, since it is a softwood species and NaOH pretreatment is not as effective on softwood as it is on hardwoods and herbaceous materials. The structural changes afforded by the pretreatment improved the accessibility of the cellulose to enzymatic degradation, as can be seen by the increased yields following hydrolysis. Glucose yields from birch samples pretreated at 100°C reached nearly 80%, whereas the maximum glucose yield produced by spruce samples was 35% for material pretreated at 5°C. It should be noted that these are also the same respective pretreatment conditions that achieved maximum reduction in crystallinity of cellulose, which further illustrates the importance of certain structural changes produced through pretreatment.
Softwood lignocellulose is the most difficult material to hydrolyze, mainly because it typically contains up to 30% lignin (Cheng, 2010) but also because the lignin is composed of >90% guaiacyl units, which are not easily hydrolyzed by sodium hydroxide (Shimizu et al., 2012) . Another study using the softwood spruce found that extremely low pretreatment temperatures (<0°C) were successful at removing lignin and hemicellulose, as well as disrupting the bonds between these fractions and modifying the lignocellulose structure, making cellulose more accessible (Zhao et al., 2008) . However, some cellulose was also lost during pretreatment performed at freezing temperatures, although the loss of cellulose was comparable to pretreatments performed at ambient and higher temperatures investigated in this study. Both low (20 to 60 g NaOH per 100 g biomass) and high (140 to 240 g NaOH per g biomass) concentrations of sodium hydroxide were investigated at -15°C, 23°C, and 60°C. The pretreatment time for the two former temperatures was 24 h, while the latter was 2 h in order to limit the amount of carbohydrate degradation that occurred at the higher temperature for extended periods of time. At the higher NaOH concentrations, glucose yield exceeded 60% for the material pretreated at -15°C, which represents the maximum yields observed in this study. Comparatively, these yields are more than three times greater than those achieved for material pretreated with 140 g NaOH per 100 g biomass at 23°C and 60°C, which yielded 18% and 20%, respectively. However, the composition of the spruce following pretreatment at 140 g NaOH per 100 g biomass was not significantly different for the three temperatures. Lignin, hemicellulose, and cellulose were reduced by approximately 19%, 40%, and 8%, respectively, for each of the three pretreatments. Based on the hydrolysis conversions, it is likely that the use of freezing temperatures may do more than remove the lignin and hemicellulose and may positively affect the structural characteristics of the spruce. One hypothesis is that freezing water may increase pore size, thereby increasing the effective surface area, making the cellulose more accessible to enzymatic degradation. However, the energy required to maintain a -15°C environment for pretreatment would be high and likely not feasible on a large scale. A techno-economic analysis would be necessary to determine whether the improvement in glucose yield from softwoods justifies the higher energy input for NaOH pretreatment.
CONCLUSION
Different combinations of pretreatment conditions affect lignocellulose in distinct ways, opening up opportunities to tailor the process to produce a variety of desired products. Temperature, duration of pretreatment, and reagent concen-tration all play significant roles in altering the structure of lignocellulose and improve accessibility of cellulose for enzymatic hydrolysis. Sodium hydroxide has been shown to solubilize lignin and some hemicellulose by breaking the ester bonds of the lignin-carbohydrate complex (LCC) that connect these two fractions, while cellulose remains mainly unaffected. This pretreatment also causes lignocellulose material to swell, increasing pore size and surface area, while decreasing the degree of polymerization (DP) and crystallinity (CrI) of the cellulose. Several studies using NaOH pretreatment under a variety of conditions were reviewed to highlight the progress and the limitations of this particular pretreatment option. These studies have shown the importance of adapting the pretreatment conditions to match the source and nature of the lignocellulose. Sodium hydroxide pretreatment is more effective on herbaceous crops such as grasses and agricultural residues, but under the right conditions NaOH pretreatment can be just as effective on woody biomass, especially extremely recalcitrant softwoods such as spruce.
